Upstream knickpoint propagation is an important mechanism for channel incision, and it communicates changes in climate, sea level, and tectonics throughout a landscape. Few studies have directly measured the longterm rate of knickpoint retreat, however, and the mechanisms for knickpoint initiation are debated. Here, we use cosmogenic 3 He exposure dating to document the retreat rate of a waterfall in Ka'ula'ula Valley, Kaua'i, Hawai'i, an often-used site for knickpointerosion modeling. Cosmogenic exposure ages of abandoned surfaces are oldest near the coast (120 ka) and systematically decrease with upstream distance toward the waterfall (<10 ka), suggesting that the waterfall migrated nearly 4 km over the past 120 k.y. at an average rate of 33 mm/yr. Upstream of the knickpoint, cosmo genic nuclide concentrations in the channel are approximately uniform and indicate steady-state vertical erosion at a rate of ~0.03 mm/yr. Field observations and topographic analysis suggest that waterfall retreat is dominated by block toppling, with sediment transport below the waterfall actively occurring by debris fl ows. Knickpoint initiation was previously attributed to a submarine landslide ca. 4 Ma; however, our dating results, bathymetric analysis, and landscape-evolution modeling support knickpoint generation by wave-induced seacliff erosion during the last interglacial sealevel highstand ca. 120-130 ka. We illustrate that knickpoint generation during sea-level highstands, as opposed to the typical case of sea-level fall, is an important relief-generating mechanism on stable or subsiding steep coasts, and likely drives transient pulses of signifi cant sediment fl ux.
INTRODUCTION
Unlike landscapes undergoing continuous tectonic uplift, where erosion can balance uplift rates, resulting in steady-state topography (Whipple and Tucker, 1999; Willett et al., 2001) , the life cycle of volcanic islands is dominated by transiently adjusting topography, which has the potential to better reveal the dominant geomorphic processes (e.g., Whipple, 2004; Bishop et al., 2005; Tucker, 2009; Ferrier et al., 2013a; Menking et al., 2013; Ramalho et al., 2013) . In volcanic island chains such as Hawai'i, the process of transient surface evolution is striking: Following the initial constructional phase of island growth, older islands subside and become progressively eroded as they move away from the active volcanic hotspot. One can readily observe differences in the morphology of volcanic islands of different ages along the hotspot chain, transitioning from broad convex volcanic shields (as seen on the Island of Hawai'i) to the deeply incised landscape of Kaua'i (Stearns, 1985) . The template of a broad volcanic shield destined to undergo long-term subsidence and erosion renders volcanic islands a well-constrained setting to study the processes and rates of landscape evolution.
A prevailing viewpoint is that surface processes on volcanic islands are most active early in the island's life cycle: Shortly after the shield-building stage, when bedrock permeability begins to decline, forcing overland fl ow (e.g., Jefferson et al., 2010; Schopka and Derry, 2012) , island centers sit high above sea level, and steep submarine slopes generate large fl ank failures (Moore et al., 1989) . These landslides can lead to large-scale knickpoint retreat and fl uvial incision Lamb et al., 2007) . Despite the lack of tectonic uplift, surface processes on volcanic islands are surprisingly active and include cliff erosion, mass wasting, stream incision, and drainage capture. This is true even on older islands that have undergone substantial subsidence and submergence; for example, the 5-m.y.-old island of Kaua'i, Hawai'i, has modern erosion rates in line with those measured over thousands of years and inferred over millions of years (Gayer et al., 2008; Ferrier et al., 2013b) . This fi nding suggests island evolution is richer than simple topographic decay and submergence, and it indicates the possibility of persistent high rates of erosion and local relief generation.
One possible mechanism for local relief generation on an actively subsiding landscape is stream response to back wearing of coastal cliffs by wave attack (Stearns, 1985) . Indeed Stearns (1985) inferred that large waterfalls prevalent in canyons on the Hawai'ian islands resulted from upstream-propagating knickpoints generated at wave-eroded coastal cliffs, and such a mechanism has been proposed for other coastal landscapes (Leyland and Darby, 2009; Ye et al., 2013) . Other workers pointed to groundwater seepage erosion as a driver for knickpoint formation and retreat on Hawai'ian islands (Hinds, 1925; Wentworth, 1928; Kochel and Piper, 1986) . However, both sea-cliff erosion by waves and seepage erosion have fallen out of favor since the discovery of large deepseated landslide deposits offshore of many Hawai'ian volcanic islands (Moore et al., 1989 (Moore et al., , 1994 McMurtry et al., 2004) . Seidl et al. (1994) and Lamb et al. (2007) inferred that sea cliffs and retreating knickpoints on Kaua'i and the Island of Hawai'i were generated following deep-seated fl ank collapse.
Beyond volcanic islands, the retreat of knickpoints and waterfalls (i.e., both slope-break and vertical step knickpoints; sensu Haviv et al., 2010; Kirby and Whipple, 2012 ) is recognized as a key mechanism by which perturbations in climate (Fuller et al., 2009) , base level (Snyder et al., 2000; Bishop et al., 2005) , and tec tonics (Dorsey and Roering, 2006) are transmitted through a landscape Berlin and Anderson, 2007) . To calibrate and test numerical and mechanical models for knickpoint propagation, we need well-constrained fi eld examples of knickpoint retreat rates and mechanisms. Despite the importance of waterfall migration in channel incision and landscape evolution, there are few direct measurements of rates on upstream propagation over 10 4 -10 5 yr time scales (Loget and Van Den Driessche, 2009; Jansen et al., 2011; Whittaker and Boulton, 2012) . Instead of direct measurements, most studies that have quantifi ed rates of knickpoint retreat assume knickpoints were initiated by a major event of known age, such as isostatic rebound (Bishop et al., 2005) , eustatic sea-level fall Loget and Van Den Driessche, 2009) , differential rates of channel incision (Berlin and Anderson, 2007) , the initiation of faulting (Wobus et al., 2006) , or large landslides Lamb et al., 2007) .
One of the most popular testing grounds of knickpoint retreat consists of the valleys that drain to the Na Pali coast on Kaua'i, Hawai'i Stock and Montgomery, 1999; DeYoung, 2000; Chatanantavet and Parker, 2005; Ferrier et al., 2013a) . This landscape is favored because the catchments are small with low-order drainages, lithology is uniform and well dated (Clague and Dalrymple, 1988) , and topography prior to valley incision can be reconstructed due to relict primary volcanic surfaces preserved on ridgelines (Wentworth, 1927; Seidl et al., 1994; Stock and Montgomery, 1999; Ferrier et al., 2013a) . Previous work has suggested that the knickpoints were initiated following a large-scale collapse of Kaua'i's northern fl ank shortly after volcano construction DeYoung, 2000) , estimated to have occurred ~4 m.y. ago (e.g., McMurtry et al., 2004) . This notwithstanding, the age and retreat rate for knickpoints on the Na Pali coast have not been measured directly, and thus the hypothesis of knickpoint generation by large-scale fl ank collapse has not been confi rmed at this site. In an early application of cosmogenic nuclide dating, Seidl et al. (1997) attempted to measure the waterfall retreat rate in Ka'ula'ula Valley, Kaua'i, but the results were largely inconclusive. Since the work of Seidl et al. (1997) , improvement in cosmogenic nuclide exposure dating methods has proven the technique a valuable tool for measuring long-term rates of both channel incision and knickpoint retreat (e.g., Weissel and Seidl, 1998; Reusser et al., 2004; Righter et al., 2010; Valla et al., 2010; Abbuhl et al., 2011; Jakica et al., 2011; Jansen et al., 2011) .
Herein, we revisit the evolution of Ka'ula'ula Valley through new cosmogenic dating, fi eld observations, and topographic and bathymetric analysis. We fi rst introduce the study location. Second, we present methods and results from 3 He exposure dating that indicate that the knickpoint initiated ca. 120 ka, i.e., much more recently than inferred from fl ank collapse (ca. 4 Ma), and has retreated at a near-constant rate of ~33 mm/yr. Third, we compare our measured waterfall retreat rate to models of knickpoint propagation, and we discuss fi eld observations of erosion processes and sediment transport by debris fl ows. Fourth, we use topographic analysis to analyze hillslope evidence for knickpoint retreat. Fifth, we evaluate possible knickpoint retreat mechanisms and present landscapeevolution modeling that supports knickpoint initiation by wave-induced sea-cliff erosion during the last interglacial sea-level highstand (ca. 120-130 ka). Finally, we discuss erosion and transport mechanisms, and we place our results in the broader context of oceanic-island evolution.
KA'ULA'ULA VALLEY, KAUA'I, HAWAI'I Kaua'i is the second-oldest major subaerial island in the mantle-plume-produced Hawai'ian volcanic chain, reaching 1593 m in elevation with an area of 1456 km 2 (Fig. 1) . Thinly bedded tholeiitic shield-building lavas (5.1-4.0 Ma) comprise the original volcano structure and are exposed across much of the island (McDougall, 1979; Clague and Dalrymple, 1988) . Following the shield-building phase, there was little vol canic activity for ~1 m.y. This hiatus was followed by caldera fi lling and rejuvenated vol canism of the Koloa Group (Maaloe et al., 1992) , emplaced from 2.5 to 0.15 Ma . Structurally, Kaua'i is the most complex of the subaerial Hawai'ian islands, with extensive faulting and fl ank collapse following the primary shield-building phase (Macdonald et al., 1960; Sherrod et al., 2007) .
Ka'ula'ula Valley (Figs. 1 and 2) sits on the Na Pali coast, which is largely unaffected by the faulting and rejuvenated volcanism common to the central and eastern parts of the island (Sherrod et al., 2007) , preserving the original shield volcano structure. This northwestern sector of Kaua'i is composed of layered basalt that dips ~6° toward the coast (Macdonald et al., 1960) ; the Na Pali formation in this area has a mean age of 4.37 ± 0.11 Ma determined from K-Ar dating (McDougall, 1979) . Along the Na Pali coast, the basalt beds are truncated by steep coastal cliffs up to 500 m high. The southern section of the cliffs is separated from active coastal processes by the Mana Plain (Fig. 2) , and the abandoned sea cliffs have 30-40-m-tall talus piles near their base. Previous cosmogenic 3 He exposure dating of the abandoned sea cliffs just north of Ka'ula'ula Valley returned ages up to 30 ka (Mukhopadhyay et al., 2003) , suggesting minimal cliff erosion during the Holocene, when the cliffs have been buffered from the sea by the northern Mana Plain.
Ka'ula'ula Valley is incised into the coastal cliffs and debouches on the Mana Plain, presently ~0.3 km from the coast (Fig. 2) . The valley headwaters reach 1070 m elevation, and the channel is incised up to 250 m into the original shield volcano surface, as evident from relict surfaces preserved as broad interfl uves between valleys (Fig. 2) . Four kilometers from the valley entrance, the stream has a prominent 40-m-tall waterfall with a vertical headwall (Fig. 3C) , which is our focus here, and there also exists a smaller (~10 m high) knickpoint 2.5 km further up the channel. The catchment's upper reaches have likely been beheaded by enlargement of the Waimea Canyon Chatanantavet and Parker, 2005) , refl ected in the highly asymmetric ridge separating the Na Pali channels from the Waimea Canyon (Fig. 2) . Although central Kaua'i receives exceptionally high amounts of rainfall (up to 11 m/yr), the western coast is considerably drier. Annual rainfall at Ka'ula'ula Valley ranges from 0.6 m/yr on the Mana Plain to 1.4 m/yr in the upper catchment (PRISM Climate Group, Oregon State University, http:// prism .oregonstate .edu). Abundant olivine phenocrysts in the basalt make the site well suited to cosmogenic dating using the isotope 3 He Gayer et al., 2008) .
KNICKPOINT RETREAT RATES AND EROSION RATES
Here, we review previous work in Ka'ula'ula Valley and discuss fi eld methods, sample preparation, and results from surface exposure age dating. All sample locations are projected to a longitudinal stream profi le extracted from a high-resolution (~2 m spatial resolution) topographic data set collected from airborne light detecting and ranging (LiDAR). Herein, we use the term "accumulation age" to describe the generic accumulation of cosmogenic nuclides in a mineral sample. We calculated an accumulation age for stable isotopes using N/P, where N is measured concentration, and P is the nuclide production rate (e.g., Lal, 1991; Cerling and Craig, 1994) . "Surface exposure ages" are accumulation ages interpreted to refl ect the age of a geomorphic surface under the assumption of no subsequent surface erosion since the time of exposure. In a system undergoing erosion, on the other hand, accumulations ages are related to the average erosion rate, E (rather than the surface exposure age), as E = ɅP/N, where Ʌ is the e-folding length of cosmic rays at Earth's surface (160 g/cm 2 ) or ~0.55 m in rock with density of 3 g/cm 3 (e.g., Niedermann, 2002) . We choose to report the data as accumulation ages rather than nuclide concentrations (although these are also reported in Table 1 ) because they account for the dependence of nuclide production rate on elevation. We specify whether we interpret a given sample as an exposure age or an erosion rate.
Previous Work and Rationale
One of the earliest applications of cosmogenic isotopes to study channel incision and knickpoint retreat was undertaken by Seidl et al. (1997) in Ka'ula'ula Valley. Seidl et al. (1997) aimed to test the hypothesis that if valley evolution is dominated by waterfall retreat, there should be a predictable decrease in surface exposure ages of relict transport surfaces (e.g., terraces) moving upstream from the valley mouth to the waterfall (Fig. 4C) . The basis for this argument is that down-valley sections removed from the active channel have been systematically eroded and left exposed by waterfall retreat for longer periods of time than those closer to the waterfall ( Fig. 4) Cl), Seidl et al. (1997) argued for knickpoint retreat as the dominant control on the evolution of Ka'ula'ula Valley. Of note, they used a 20,000 yr 26 Al exposure age of a cliff face 20 m downstream of the waterfall to calculate a waterfall retreat rate of ~1 mm/yr. This rate is similar to a long-term average waterfall migration rate assuming the knickpoint formed near the modern coastline and initiated ca. 4 Ma near the end of the shieldbuilding stage, when the island was most susceptible to large-scale fl ank collapse. However, the cosmogenic exposure data of Seidl (1993) and Seidl et al. (1997) are not internally consistent in that different isotopic analyses produced signifi cantly different accumulation ages for the same sample. Consequently, these data cannot defi nitively distinguish between the competing hypotheses of vertical incision and knickpoint propagation, or confi dently establish long-term propagation rates. Since the study of Seidl et al. (1997) , cosmogenic exposure dating methodology and constraints on production rates have greatly improved, notably for the use of cosmogenic 3 He in olivine (e.g., Licciardi et al., 1999; Dunai and Wijbrans, 2000; Gayer et al., 2008; Amidon et al., 2009; Fenton et al., 2009; Gillen et al., 2010; Goehring et al., 2010) .
Field Methods and Sampling Strategy
To constrain the rates of channel incision and knickpoint retreat in Ka'ula'ula Valley, we took rock surface samples in order to measure the concentrations of cosmogenic 3 He within olivine phenocrysts in basalt. Sampling rock involved chipping off surface samples (~3 cm thick) with a hammer and chisel. We obtained samples along much of the channel, although access was limited in the upper reaches of the valley. We recorded the location and elevation of each sample via hand-held global positioning system (GPS) units. Due to the narrow geometry of the valley and nonhorizontal sample surfaces, we took topographic shielding correction measurements, including attitude of the sample face and skyline shielding (Balco et al., 2008) . Following the conceptual model of Seidl et al. (1997) , we used different sampling strategies upstream and downstream of the waterfall to test the hypothesis of waterfall retreat based on the accumulation of cosmogenic isotopes (Fig. 4) . Downstream of the waterfall, we targeted sites that appeared to have been emplaced shortly after the passage of the knickpoint, such as large boulders on talus-covered terraces, stable cliff faces, and abandoned bedrock strath surfaces well removed from the active channel ( Fig. 2 ; Tables 1 and 2 ). The hypothesis is that nuclide concentrations of these features may record surface exposure ages, and a downstream trend in exposure age can be used to constrain waterfall retreat rate (Fig. 4) . As described by Seidl et al. (1997) , abandoned talus-covered terraces are preserved on both sides of the active channel and are mantled with 2-3 m angular, lichen-covered boulders, possibly emplaced by cliff collapse shortly after knickpoint passage when valley walls were near vertical (as seen in the modern inner gorge below the waterfall discussed later herein). These boulders show no evidence of fl uvial reworking, signifi cant erosion, or modifi cation subsequent to emplacement.
Upstream of the waterfall, most samples were taken from bedrock and large boulders in and near the active channel ( Table 1 ). The hypothesis here is that nuclide concentrations record the rate of steady vertical incision into bedrock or the boulder mantle (Fig. 4) . Abandoned transport surfaces (e.g., terraces) are rare upstream of the waterfall, but we did collect a sample from one strath terrace located just upstream of the waterfall and 4 m above the active channel. We interpret nuclide concentration in this sample alone as a surface exposure age, which, combined with its local elevation, provides an additional constraint, independent of in-channel samples, on the rate of vertical incision. We also attempted to constrain the rates of incision using two samples of detrital olivine grains in sand deposits within the active channel (e.g., Gayer et al., 2008) : The fi rst was located just upstream of the waterfall and the second was at the mouth of the channel.
To correct for noncosmogenic sources of 3 He in the samples, we obtained a sample of basalt from within an irrigation tunnel that had been completely shielded from cosmic rays (>100 m below ground surface). This sample was taken from a ridge in eastern Hanalei Valley (~20 km to the southwest; Fig. 1 ) in the same rock formation (Waimea Group). We also incorporated and re-analyzed the raw helium data from Seidl (1993) to augment our samples ( Table 2 ) and recalculated exposure ages based on the shielded-sample correction strategy we adopt here.
Sample Preparation and Age Measurements
We crushed the basalt samples with a jaw crusher and isolated olivine in the 1-4-mmdiameter fraction using hand magnets and handpicking. Olivine samples were sonicated in 5% 2:1 HF:HNO 3 acid for ~1 h to remove any surface alteration, and phenocrysts were inspected to remove any with adhering groundmass. We ground each olivine sample, wet sieved the ground olivine to <37 μm, and allocated ~0.4 g per sample. Samples were heated in vacuum to 1300 °C, and the released 3 He and 4 He gas was analyzed on a MAP 215-50 noble gas mass spectrometer at the Caltech Noble Gas Laboratory (following Amidon and Farley, 2011) . Cosmogenic 3 He production rates and accumulation ages were calculated using the CRONOS 3 He exposure age calculator following the scaling scheme of Lal (1991) and Stone (2000) . Given the fact that we are primarily concerned with relative differences between samples in a small catchment, uncertainties in scaling and production rates are less important here than for studies spanning a large geographic range. Production rates for catchment-averaged samples were determined by calculating the latitude-and elevation-dependent production rate at each pixel of the upslope contributing digital elevation model (DEM) (e.g., DiBiase et al., 2010) .
Helium concentrations in olivine phenocrysts include multiple components that must be isolated to quantify the cosmogenic 
where He c refers to cosmogenic He, He m refers to mantle helium trapped in fl uid and/or melt inclusions, and He r refers to helium produced by radioactive decay and associated neutron capture on 6
Li (Aldrich and Nier, 1948; Morrison and Pine, 1955; Andrews and Kay, 1982; Lal, 1987) . The brackets group "background" components, which are present even in cosmic ray-shielded samples.
The traditional approach to isolate the cosmo genic component is to assume that any measured 4 He is 4 He m sourced from melt inclusions (Craig and Poreda, 1986; Kurz, 1986) . However, for samples from older rock, as is the case here, 4 He r cannot be neglected (Blard and Farley, 2008) , and instead we used a shielded sample to estimate the background components (e.g., Cerling and Craig, 1994; Gosse and Phillips, 2001; Lifton et al., 2001; Margerison et al., 2005; Amidon and Farley, 2011 He measured in a cosmic ray-shielded olivine sample (i.e., the bracketed terms in Eq. 1).
The shielded-sample approach assumes that the residual mantle 3 He concentration in the olivine is the same among exposed and shielded samples, which may not be the case. However, by precrushing the olivine to a fi ne grain size prior to analysis, the mantle component contained in melt or fl uid inclusions is largely removed (Kurz, 1986) . In addition, the shielded sample after crushing had a very low variations in chemical composition between shielded and exposed samples would have little impact on this correction. Therefore, the background 3
He from the shielded sample was subtracted from each sample (Table 2) , following Equations 1 and 3, and the resulting concentrations of 3 He c in olivine range from 0.67 to 15.05 M at/g (Table 2 ).
Our treatment of 3 He concentrations measured in olivine differed from that of Seidl et al. (1997) , who used step-heating to melt the pheno crysts and corrected for mantle-derived Gayer et al., 2008) , we argue that our approach of thoroughly crushing the sample prior to heating, and using a shielded sample to correct for non-cosmogenic sources of 3 He is better suited to this site. Therefore, we re-analyzed the raw data from Seidl (1993) and Seidl et al. (1997) with the same correction procedure used for our samples. We measured olivine from the same locations as Seidl (1993) in cases by relocating drill holes, and the results are generally com para ble (e.g., see KVW-11 and KCKP, Table 2 ).
Cosmogenic 3 He Results
Cosmogenic data are presented in Tables 1  and 2 and are shown in Figure 5 . Cosmogenic accumulation ages downstream of the waterfall are greatest near the valley mouth (KVW-8, 120 ka), and decrease upstream ( Fig. 5 ; Table 2 ). A boulder sampled on a talus-covered terrace ~1 km upstream of the mouth has an age of ca. 80 ka (KVW-7), similar to a boulder sampled by Seidl (1993) in this vicinity (K560, 81 ka). Two adjacent boulders located ~2 km upstream from the stream mouth (KVW-4 and 5) have exposure ages of 22 ka and 27 ka. KVW-3, a small cliff exposure 150 m downstream of the waterfall has an age of 27 ka, and two samples taken from a cliff 20 m downstream of the waterfall have ages of 9 ka and 18 ka (KVW-1A, KVW-1B). A large boulder in the channel 40 m downstream of the waterfall has an age of 8 ka (KVW-2). Together, these samples indicate progressively younger accumulation ages from the valley outlet to the waterfall, and if interpreted as surface exposure ages, they are consistent with knickpoint retreat (Fig. 4) .
The bedrock riverbed at the lip of the waterfall (KVW-11, Fig. 3C ) has an accumulation age of 20 ka (Table 2) . We interpret this accumulation age in terms of a vertical erosion rate (rather than a surface exposure age) because it is within the actively eroding channel, which yields 0.027 mm/yr. This compares well to a sample (KCKP) taken in the same location by Seidl (1993) (Table 2) , which we calculate to have an erosion rate of 0.025 mm/yr. The sole sample from a strath terrace near the waterfall has an accumulation age of 120 ka (KVW-12). The elevation difference between the waterfall lip and the nearby terrace is 4 m, and if we interpret the strath terrace accumulation age as a surface exposure age, we fi nd a vertical incision rate of 0.03 mm/yr (i.e., 4 m/120 k.y.). If we use the accumulation age at the eroding waterfall lip as an estimate of inheritance prior to abandonment, then the terrace sample yields an incision rate of 0.025 mm/yr (i.e., 4 m/100 k.y.). As noted by Seidl et al. (1997) , the rate of vertical erosion at the waterfall lip is similar to the long-term vertical incision rate (0.02 mm/yr) assuming a 4 Ma original volcano surface, and taking into account the observed 80 m of relief between the modern channel fl oor and the relict vol canic surface. Thus, despite uncertainty in some of the assumptions, multiple methods converge to a vertical incision rate just upstream of the waterfall lip of ~0.02-0.03 mm/yr.
Upstream of the waterfall, the samples of bedrock and large boulders within 1 km of the waterfall have accumulation ages ranging from 5 to 19 ka (samples 15, 17, 18) . Bedrock accumulation ages are generally older than boulder samples (Fig. 5) , likely because boulders may have entered the channel at any time, and they are likely derived from deep-seated failures with little inheritance. Young ages might also refl ect a recent pulse of erosion related to the 10-m-high knickpoint ~2.5 km upstream of the primary waterfall (Fig. 6A) , which we were unable to access in the fi eld. If interpreted as refl ecting steady-state vertical incision , these measurements indicate incision rates ranging from 0.029 to 0.11 mm/yr, with the lower values consistent with the measured rates at the waterfall lip. These erosion rates are also consistent with inferred rates measured from detrital olivine samples from the active channel, which yielded identical erosion rates at the valley mouth and at the waterfall lip of 0.022 mm/yr.
Testing Conceptual Models of Vertical Incision and Knickpoint Retreat
To compare our accumulation age data with theoretical predictions along the valley transect proposed by Seidl et al. (1997) (Fig. 4) , we modeled the expected distribution of accumulation ages based on competing ideas of the evolution of Ka'ula'ula Valley. The model end members are (1) constant vertical incision with a fi xed knickpoint location (Fig. 4B ) (cf. Kirby and Whipple, 2012) , and (2) knickpoint retreat initiated at two different times, 4 Ma and 120 ka. These times respectively refl ect knickpoint initiation shortly after island formation, and initiation at the time of our oldest downstream exposure age.
Pure vertical erosion without knickpoint migration assumes that nuclide accumulation is dependent on depth of incision and volcano age, so that the accumulation age is t = Ʌ/E. We calculated E as the average erosion rate needed to incise from the original volcano surface to the present channel fl oor over a total duration of 4 m.y. We approximated the original shield volcano surface by fi tting a seventh-order poly nomial surface to the broad, relict volcanic surfaces preserved as interfl uves bounding Ka'ula'ula Valley ( Fig. 2; sensu Ferrier et al., 2013a) . This exercise results in an approximately uniform erosion rate of ~0.025 mm/yr upstream of the knickpoint, equating to an accumulation age of ca. 22 ka (Fig. 5) . The accumu lation age systematically decreases as the greater incision depth toward the valley outlet requires more rapid mean erosion rates.
The scenario of spatially uniform exposure ages is compatible with the measurements upstream of the waterfall, but it is incompatible with measurements downstream of the waterfall. Upstream of the waterfall, the accumulation ages are scattered, but they are generally consistent with the hypothesis of constant vertical incision, at least for the time scale over which the cosmogenic concentrations are averaged (tens of thousands of years). Nevertheless, the model predictions for the case of constant vertical incision are slightly older than the exposure age measurements (Fig. 5) , which may refl ect greater incision rates over the past 5-20 k.y. as compared to over the entire posteruptive history of the volcano (~4 m.y.) (e.g., due to the 10-m-high knickpoint ~2.5 km upstream of the primary waterfall), or spatially nonuniform erosion or landslides working through the catchment. Alternatively, the rates may be reconciled by allowing for some slow rate of surface lowering of the relict volcanic surfaces via soil formation. For example, a net interfl uve lowering rate Table 1) . The lower panel of data was taken from Seidl (1993) and represents total 3 He released upon heating. Error was not specifi ed, so we applied an analytical error of 10%. Topographic shielding is estimated at 0.9, and exposure age was calculated as per samples from this study. Distance refers to channel distance (Fig. 5) . All samples include a thickness shielding correction of 0.976. Exposure age was calculated using the CRONUS 3 He calculator, and we used the Lal/Stone scaling equations. Exposure age error includes internal and external uncertainties.
of 0.005 mm/yr (equivalent to 20 m over 4 m.y.) would place ages inferred from the relief and age of the valley in line with our oldest cosmogenic exposure measurements upstream of the waterfall (Fig. 5 ). Other mechanisms that may explain this discrepancy that we cannot rule out include intermittent burial by alluvium, or self-shielding if periodically mobile boulders were resting on different faces (Mackey and Lamb, 2013) . Rather than vertical channel incision astride an immobile waterfall, an alternative hypothesis to explain the exposure ages of terraces downstream of the waterfall is progressive abandonment during knickpoint retreat (Figs. 4-5; Seidl et al., 1994 Seidl et al., , 1997 . We calculated the expected accumulation age of abandoned terraces by assuming no inheritance prior to abandonment.
Our exposure data show a trend of increasing age downstream of the waterfall, but we would expect much older exposure ages for the case of knickpoint initiation by fl ank collapse ca. 4 Ma .
Erosion of boulders on terraces following passage of the knickpoint would modify the accumulation ages, and we explored whether this could explain the discrepancy between our measured accumulation ages and those expected for knickpoint initiation at 4 Ma. The nonfl uvial background erosion rate is unconstrained; however, as noted already, a nonfl uvial erosion rate of 0.005 mm/yr applied to the interfl uves would bring expected accumulation ages from the interfl uve and channel-bed topography in line with our accumulation age measurements upstream of the waterfall. Application of this inferred erosion rate to the terrace samples results in accumulation ages that should be spatially uniform at just over 100 ka, inconsistent with the data (Fig. 5) , and no reasonable value of background erosion can reconcile the discrepancy between our cosmogenic measurements and the model for knickpoint initiation at 4 Ma. Moreover, the sampled bedrock and boulders on terraces are angular, hard, and appear minimally weathered. Boulders that have eroded suffi ciently to reach a steady-state erosion rate would have a smooth rounded surface, refl ecting radial erosion equating to at least several e-folding lengthscales of cosmic-ray penetration (Mackey and Lamb, 2013) .
Because we sampled boulders on debris terraces adjacent to the stream, it is possible that they rolled into position via cliff collapse at some time unrelated to passage of the knickpoint. For example, the samples at 8.4 km have an exposure age younger than that predicted by the trend of knickpoint retreat (Fig. 5) , and so they potentially fell into place sometime after the waterfall passed. If pervasive, this mechanism is likely to produce random ages, and it is not compatible with the accumulation ages systematically increasing downstream from the waterfall. Similarly, any cosmogenic inheritance the boulders may have had prior to deposition (e.g., while on a cliff face) would likely generate a random distribution of ages, inconsistent with our measurements.
Our preferred interpretation of the 3 He exposure data is that the knickpoint was initiated at ca. 120 ka, coincident with our downstreammost accumulation age. Since initiation, the knickpoint appears to have propagated steadily upstream, leaving boulders abandoned on terraces that have been minimally affected by postdepositional erosion (and therefore the accumulation ages represent approximate surface exposure ages). This interpretation requires the knickpoint to have migrated ~4 km over ~120 k.y., equating to an average retreat rate of 33 mm/yr.
WATERFALL EROSION PROCESSES AND MODELING
The waterfall headwall in Ka'ula'ula Valley is a single vertical step and is composed of multiple basalt fl ows that are blocky and jointed at the decimeter to meter scale (Fig.  3D ). Most models for waterfall retreat, many of which have been applied to this site, assume that waterfall retreat is governed by fl uvial incision processes acting on the face of the waterfall headwall. These models include stream power (e.g., Seidl et al., 1994; 1999; DeYoung, 2000) and saltation-abrasion (Chatanantavet and Parker, 2005) . The waterfall face, however, shows no indicators of active abrasion (e.g., smooth sculpted rock, fl utes, or potholes; the waterfall was dry during our fi eld campaign) (Fig. 3D) . Moreover, given the vertical headwall, we suspect that it is highly likely that fl ow detaches from the waterfall face, and so the stream power and saltationabrasion models would be inappropriate for the erosional mechanics of this knickpoint (e.g., stream power predicts infi nite erosion rates for vertical steps). Vertical drilling of multiple steps has been advocated as a waterfall erosion mechanism elsewhere on the Hawai'ian islands (Howard et al., 1994; Lamb et al., 2007) , but the waterfall face of Ka'ula'ula Valley is composed of a single vertical step with no successions of plunge pools (Figs. 3C and 5 ).
The remaining documented waterfall erosion mechanisms include undercutting within a plunge pool or toppling of jointed rock. Undercutting is the dominant waterfall retreat mechanism in many landscapes, especially where there exists a strong-over-weak stratigraphy (e.g., Gilbert, 1890; Lamb et al., 2006; Haviv et al., 2010) . However, for the case of Ka'ula'ula Valley, despite the obvious layering of basalt fl ows, we note no obvious differences in rock strength, and the headwall lacks overhangs or undercutting. In addition, there is no plunge pool at the base of the waterfall, although bedrock is not exposed at the waterfall base, and we cannot rule out the possibility that a plunge pool exists and is fi lled with debris. This notwithstanding, signifi cant burial is unlikely because there is no talus slope or debris apron abutting the waterfall escarpment. Our favored waterfall retreat mechanism is toppling of jointed rock, which is consistent with observations of waterfalls in jointed rock in other locations (Weissel and Seidl, 1997; Crosby and Whipple, 2006; Lamb and Dietrich, 2009 ). Although models have been developed for the threshold to initiate toppling (Lamb and Dietrich, 2009) , the waterfall propagation rate in this case may depend on the ability of the fl ow to export collapsed material away from the headwall (Lamb et al., 2008) .
Besides stream power, the most common knickpoint retreat models are those that seek a positive power-law correlation with drainage area (a proxy for water discharge; e.g., Rosenbloom and Anderson, 1994; Crosby and Whipple, 2006; Berlin and Anderson, 2007) . However, some studies have found no drainage area dependence (Seidl et al., 1996; Weissel and Seidl, 1998; Cook et al., 2013) or even an inverse relationship between retreat rate and drainage area .We examined the ability of drainage area-dependent waterfall-retreat models to reproduce observed cosmogenic accumulation ages using
where dx/dt is the upstream retreat rate, A is the upstream drainage area, and c (units of length (1 -2p) /time) and p (unitless) are fi t constants. We explored the ability of Equation 4 to match our cosmogenic accumulation ages with a variety of c and p values and waterfall initiation ages, under the constraint that models must accurately predict the location of the present waterfall within 100 m. We evaluated performance based on the residual sum of squares (RSS) between model predicted time for the location of the knickpoint and the time measured by our cosmogenic accumulation ages for the same location (sensu Stock and Montgomery, 1999; Crosby and Whipple, 2006; Berlin and Anderson, 2007) . Previous workers have suggested different c and p values for different sites that include both waterfalls and slope-break knickpoints (e.g., Rosenbloom and Anderson, 1994; Crosby and Whipple, 2006; Berlin and Anderson, 2007) , none of which fi ts the data for Ka'ula'ula Valley. Instead, we fi nd statistically good fi ts can be found with a variety of c and p values. For example, setting p = -3, p = 0, and p = 1 and solving for the best-fi t value of c (2.7 × 10 18 m 7 /yr, 3.7 × 10 -2 m/yr, 9.4 × 10 -9 m -1 /yr, respectively) and knickpoint initiation time (118 ka, 102 ka, and 94 ka, respectively) all yield similar RSS values (1.1 × 10 9 yr, 2.2 × 10 9 yr, and 2.8 × 10 9 yr, respectively; Fig. 7 ). Despite the uncertainty in the exact model parameter values, the simplest explanation of our data remains a constant rate of knickpoint retreat (i.e., p = 0), but we cannot defi nitively rule out either positive or negative dependencies on drainage area.
LANDSCAPE RESPONSE TO KNICKPOINT RETREAT
How hillslopes and channels respond to knickpoint retreat is a fundamental question in landscape evolution, as it determines the rate at which changes in base level will be transmitted through the landscape (e.g., Korup and Schlunegger, 2007; Reinhardt et al., 2007; Gallen et al., 2011) . The passage of a knickpoint presents a transient case whereby we can observe the along-channel behavior of hillslopes and compare hillslope properties pre-and postknickpoint. When knickpoint propagation speed is known, along-channel distance can be transformed into time-since-knickpoint passage to constrain the rate of hillslope response. Importantly, hillslope response serves as a test for our inferred rapid rate of knickpoint propagation, because a slow or immobile knickpoint (e.g., due to a resistant rock unit) may not cause systematic changes to hillslopes in the downstream direction. In this section, we quantify the valley topography to assess how the passage of the knickpoint affected Ka'ula'ula Valley. We present fi eld and topographic analysis and assess the hillslope response time.
While sampling for cosmogenic exposure ages, we documented the character of the channel and adjacent hillslopes. To augment these fi eld observations, we performed topographic analysis of the region using a LiDAR data set resampled to 2 m resolution. We divided the valley into 100-m-wide north-south-oriented swaths spanning the width of the valley and calculated the statistics of topography within each swath. Topographic analysis revealed two contrasting geomorphic domains, separated by the waterfall located 4 km upstream from the valley outlet (Fig. 6) . The boulder-lined channel axis below the knickpoint is nearly straight in planform, has a consistent channel-bed gradient (~13%), and is confi ned to a narrow valley with steep (sometimes vertical) rocky walls. The median slope of the valley downstream of the waterfall is 56%, with a high proportion of very steep topography (Fig. 6C) .
Large, >2-m-diameter boulders in the channel downstream of the knickpoint show evidence of active mobility and deposition from debris fl ows (Figs. 3A-3B) including matrix-supported and poorly sorted deposits, large boulder clusters with levee and snout morphologies (e.g., Whipple and Dunne, 1992) , and boulders burying vegetation indicating active transport. Both the uniform slope of the channel and its steep gradient are consistent with debris fl ows as the dominant erosion and transport process Dietrich, 2003, 2006) . Seidl et al. (1997) proposed the mechanism of knickpoint propagation under a largely immobile boulder mantle, but our observations indicate a dynamic environment downstream of the knickpoint where boulders are actively moved. This is supported by the observation that large boulders dominate the bed morphology to the valley mouth, including a debris fan that debouches on the Mana Plain, indicating active boulder transport by debris fl ows during the Holocene.
In comparison to the channel reach downstream of the knickpoint, upstream of the knickpoint the average channel gradient is lower (~8%), bed sediment is fi ner (gravel and cobbles as compared to boulders; Figs. 3E-3F), and bed sediment is locally sorted into bars and pools, indicative of fl uvial processes rather than debris fl ows. Occasional boulders are present in the upstream reach (Fig. 3E ), but these are angular, lack evidence of fl uvial transport, and appear to have rolled in from side slopes. In this region, hillslopes are soil mantled and vegetated, and they have a consistently lower median slope of 30%-40% (Fig. 6C) as compared to the extensive subvertical rocky cliffs downstream of the knickpoint. There is not a major difference in rock type upstream of the knickpoint as compared to downstream, which suggests that the steeper topography downstream is due to passage of the knickpoint itself.
Supporting evidence for active knickpoint migration comes from a prominent inner gorge with steep valley walls just downstream from the waterfall. Within the inner gorge, valley width increases from ~150 m to ~500 m within the fi rst ~200 m downstream of the waterfall (Fig. 2) . We extracted hillslope profi les perpendicular to the valley axis using the LiDAR data within 102 m downstream of the waterfall (Fig. 8) . Assuming a knickpoint retreat rate of 33 mm/yr, these profi les correspond to up to 3100 yr since passage of the knickpoint. Profi les were normalized by distance and elevation with respect to the nearby active channel to aid in comparison. Evidence of the passing knickpoint can be seen in the lower ~50 m of relief above the channel fl oor, consistent with the waterfall height, where hillslopes are initially steep (~120%) and then relax toward the same gradient as the rest of the valley (~60%) (Fig. 8) .
Hillslope or scarp evolution is often modeled as a diffusive process (Hanks, 2000) . The Ka'ula'ula Valley hillslopes, however, are steep and show evidence for landslides, rockfall, and talus accumulation, and thus they are not likely responding in a diffusive manner (Roering et al., 1999) . This notwithstanding, it is useful to derive an apparent diffusivity to compare the hillslope relaxation rates in Ka'ula'ula Valley with other studies. We limit our analysis to 102 m downstream of the modern waterfall, because hillslope profi les appear similar beyond this point, suggesting that the hillslopes have fully responded to the waterfall migration. We calculated a range of apparent diffusivities (k = 1.4-3.2 m 2 /yr) using k = Δx 2 /Δt, where Δx ≈ 65-100 m is a characteristic length scale of hillslope response based on observed hillslope profi les (Fig. 8) , and Δt ≈ 3100 yr is a characteristic time scale for that response, corresponding to the elapsed time inferred between our furthest upstream and furthest downstream profi les assuming constant knickpoint retreat of 33 mm/yr (Fig. 8) . A diffusivity approaching 3 m 2 /yr is higher than many previously reported. For example, compilations of diffusivities for fault scarps, terraces, shorelines, and hillslopes show that k ranges from ~1 × 10 /yr, with areas of higher precipitation generally having higher values of k (Hanks, 2000) . McKean et al. (1993) reported values as high as k = 3.6 ± 0.55 m 2 /yr for a soilmantled hillslope near San Francisco, California. We suspect the high apparent diffusivities for Ka'ula'ula Valley result from rockfall and other mass-wasting processes being dominant rather than soil creep, in addition to transient high relief driven by rapid upstream propagation of the knickpoint. This analysis is also self-consistent with our interpretation (and that of Seidl et al., 1997 ) that the boulder debris on terraces is a relict from shortly after knickpoint retreat (i.e., within ~3 k.y.).
KNICKPOINT INITIATION
Previous studies along the Na Pali coast have proposed a common origin for both the sea cliffs and the initiation mechanism of steep knickpoints in many of the streams (e.g., Seidl et al., 1994 Seidl et al., , 1997 DeYoung, 2000) . However, the primary process for sea-cliff formation is contested. Specifi cally, the formation of the high sea cliffs along the Na Pali coast has been attributed to both submarine landsliding (Hinds, 1930) and wave erosion (Stearns, 1985) . Submarine fl ank collapse has been the favored mechanism of cliff formation along northern Kaua'i because of widespread submarine landslide debris (Moore et al., 1989) , the slow cosmogenic-derived waterfall retreat rate (1 mm/yr) reported by Seidl et al. (1997) , and the impressive knickpoints along the eastern Na Pali coast (~250 m of relief), which are approximately twice as high as any Quaternary sealevel fl uctuations (Chatanantavet and Parker, 2005) . Despite the appeal of the fl ank collapse hypothesis for knickpoint generation along the Na Pali coast, it has not been tested quantitatively, and our new knickpoint retreat rates bring this interpretation into question.
Knickpoint Formation by Submarine Landsliding?
To assess the potential for either submarine landslides or cliff erosion to generate the Na Pali coast cliffs, we used bathymetry (50 m horizontal resolution) surrounding Kaua'i to look for evidence of submarine landslides off the Na Pali coast and Mana Plain. The bathym etry off the coast of northwestern Kaua'i ( Fig. 1) shows a gentle plain extending ~7 km offshore, to ~120 m depth (Fig. 9A) . The seafl oor then drops away relatively steeply to ~400 m depth, whereupon it continues at a gradual slope out to ~850 m depth. At ~850 m below sea level, the island fl ank drops away steeply, and this break in slope has been interpreted as the approximate shoreline of the island during formation, accounting for the different angles of lava solidifi cation on land and under water (Mark and Moore, 1987; Flinders et al., 2010) . This topographic profi le has been interpreted to show modifi cation of the original shield volcano surface, which can be reconstructed by projecting the relict volcano surface offshore (Fig. 9A) to align with the deeply submerged original fl ank of the volcano ~400 m below sea level (Inman et al., 1963) . Well logs across the Mana Plain indicate up to 130 m of coralline sand and clay-rich lagoon sediments on top of an irregular gently dipping (~5°) basalt bedrock bench (Macdonald et al., 1960) , suggesting deposition of sediment over a submerged wave-cut platform (Inman et al., 1963) . Whole-rock amino acid dating of carbonate dunes on the Mana Plain indicates that they were deposited during the last interglacial (Hearty et al., 2000) .
The gently sloping bathymetry off the northwestern Na Pali coast and the geometry of the Mana Plain show no morphologic evidence for a large submarine landslide (Fig. 1) . Given the comparatively young age of knickpoint initiation suggested by our cosmogenic exposure dating (ca. 120 ka), we would expect to see clear evidence for a large failure in the bathymetry if the knickpoint was caused by fl ank collapse. The seafl oor morphology does, however, show morphological evidence for a large fl ank collapse on the eastern Na Pali coast (Fig. 1) , with an arcuate headscarp and debris fi eld to the northeast (Moore et al., 1989) . Therefore, the largest sea cliffs and some of the larger (~200 m) knickpoints within the eastern Na Pali coast channels may have been generated by submarine landsliding as advocated by previous studies. This mechanism, however, cannot explain the formation of the sea cliffs and knickpoints in Ka'ula'ula Valley and channels near the Mana Plain.
Knickpoint Formation by Sea-Cliff Erosion
In the absence of evidence for large sub marine failure off the coast of northwestern Kaua'i near Ka'ula'ula Valley, we focus on sea-level-driven base-level change and wave cutting as the potential causes for cliff formation and knickpoint initiation. Changes in sea level have been widely documented to generate knickpoints, primarily during relative sea-level fall (e.g., Weissel and Seidl, 1998; Bishop et al., 2005; Crosby and Whipple, 2006; Loget and Van Den Driessche, 2009; Ye et al., 2013) . Somewhat counterintuitively, sea-level highstands also have the potential for generating knickpoints via cliff erosion (Fig. 10) . For example, if the rate of cliff erosion is faster than streams are able to incise vertically, and the channel is steeper than the shore platform generated by cliff erosion, then a knickpoint will be developed at the coast (e.g., Snyder et al., 2002) . As an example, small coastal gullies in southern England are thought to have formed during rising sea level resulting in cliff erosion during the early Holocene (Leyland and Darby, 2008; Leyland and Darby, 2009) , and a similar mechanism was proposed for Holocene cliffs in Tahiti (Ye et al., 2013) . Similarly, Leckie (1994) reported that Holocene coastal erosion on New Zealand's eastern South Island caused the rivers to steepen and incise near the coast. Given the Na Pali coast's exposure to high-energy waves coming from the North Pacifi c swell and northeast trade winds, it is prone to signifi cant coastal erosion (Inman et al., 1963; Vitousek and Fletcher, 2008) . To evaluate this hypothesis, we constrain the relative sea-level history of Kaua'i and model cliff erosion by wave attack. 
Kaua'i Sea-Level and Subsidence History
Lithospheric modeling and physical evidence from the Hawai'ian volcanic chain suggest that the volcanoes rapidly subside during and after construction due to loading of the lithosphere (Moore, 1987; Watts and Tenbrink, 1989; Grigg and Jones, 1997) . For example, the volcanically active Island of Hawai'i is subsiding at 2.6 mm/yr, based on the ages of drowned Pleisto cene coral reefs (Ludwig et al., 1991) . The total magnitude of subsidence of northwestern Kaua'i since the end of shield-building vol canism at 4 Ma is well constrained from the drowned slope break ~850 m below sea level. However, due to the loading and fl exural response of the ocean crust during construction of adjacent volcanoes, Hawai'ian volcanoes do not have a simple subsidence history. Crustal loading generates proximal moat and distal bulge effects, which can cause uplift, tilting, and subsidence of nearby volcanic islands (Grigg and Jones, 1997) . Kaua'i passed over the fl exural bulge created during construction of Maui Nui (Maui, Lana'i, Moloka'i, and Kaho'olawe Islands) from 1.5 to 0.5 Ma (Watts and Tenbrink, 1989; Hearty et al., 2005) , resulting in marginal uplift. A modern analogue for Kaua'i ca. 1-1.5 Ma is O'ahu, which is being uplifted today at ~0.06 mm/yr as a result of loading due to the Island of Hawai'i (McMurtry et al., 2010) . Kaua'i is now beyond the range of lithospheric fl exure associated with active volcanism on Hawai'i, and available data based on reef chronology suggest Kaua'i has been largely stable, or slowly subsiding (<0.05 mm/yr), for the past 500 k.y. (Hearty et al., 2005) .
To explore the potential effect of changes of sea level driving cliff retreat, we combined approximations of Kaua'i's subsidence history (Grigg and Jones, 1997; Hearty et al., 2005) with the Pleistocene eustatic sea-level record of Miller et al. (2005) (Fig. 11A) . Our approach was to assess the intervals during Kaua'i's history when there was potential for waves to erode the primary sea cliff now exposed along the Na Pali coast. Following Inman et al. (1963) , we approximated the original island profi le by projecting the slope of the interfl uves offshore, so that they line up with the distal section of the original volcano surface (Fig. 9A ). This analysis shows that over the last ~1.5 m.y., the base of the modern-day coastal cliffs near Ka'ula'ula Valley were only accessible to wave erosion at the last sea-level highstand, ca. 130 ka (Fig. 11A) . In the next section, we explore the interplay of sea-level fl uctuations, subsidence, and wave erosion in forming the Na Pali coastal cliffs.
Wave Erosion Modeling
To model cliff formation by wave attack, we assumed that erosion occurs at a narrow zone of water depths where waves break. Previous workers have set this zone to be a function of wave height, tidal range, and other processes, and it is typically on the order of meters in thickness (e.g., Ashton et al., 2011) . Because we intended to oscillate this breaker zone over hundreds of meters due to sea-level variations and island subsidence, we simply set the erosional zone to be at sea level. Three factors are typically accounted for in the erosion of coasts: beach sediment, which can protect coastal bluffs; the slope of the offshore platform, which can dissipate waves; and the slope of the coastal bluff itself, where erosion rates are faster for steeper bluffs due to more energetic wave breaking (e.g., Kamphuis, 1987; Anderson et al., 1999; Ashton et al., 2011; Limber and Murray, 2011) . Ashton et al. (2011) suggested that the last effect dominates for rocky coastal cliffs, where collapsed material and beach sediments are easily mobilized. Following this work, and since the Na Pali coastal cliffs are largely slope invariant (i.e., they are subvertical), we simply set the lateral cliff erosion rate to a constant value. Like most hard rocky coastlines, there are no data on the modern rate of cliff retreat along the Na Pali coast, so we varied the cliff retreat rate in our model to fi nd the best-fi t value that can explain the location of the modern cliffs.
Starting with the initial reconstructed topographic profi le of the volcano (Fig. 9A ), and the combined sea level and subsidence record (Fig.  11A) , the model uses geometry to determine the location of the shoreline on the volcanic shield at each time step, set to 1 k.y. A notch is cut horizontally into the volcano at a specifi ed erosion rate, and the overburden rock is assumed to be readily removed by wave action (cf. Limber and Murray, 2011 ). In our model, wave erosion is assumed to occur at a constant rate regardless of whether the shoreline is on the shelf (i.e., cutting a marine platform) or adjacent to the primary sea cliff. Thus, during relative sea-level fall, the sea does not abut the primary sea cliff, so that no erosion of the primary cliff occurs, and instead the shore platform is beveled. In this way, the model readily produces a wide shore platform ~50-100 m beneath modern sea level that conforms with the well-log data beneath the Mana Plain (Macdonald et al., 1960) . A constant cliff erosion rate of 27 mm/yr most accurately reproduces the present-day sea-cliff location over the island's 4 m.y. subaerial history.
Our model of cliff erosion for Kaua'i indicates that much of cliff formation occurred early in the island's history, especially in the fi rst 2 m.y. following the end of shield-building volcanism (Figs. 9 and 11B ). During this time of persistent subsidence, the sea had frequent access to the primary sea cliff, especially during highstands (Fig. 11B) . Some knickpoints generated at sealevel lowstands were subsequently drowned by the combination of sea-level rise and subsidence (e.g., Trenhaile, 2002) . The emergence of Kaua'i from 1.5 to 0.5 Ma due to crustal loading by Maui Nui has a major effect on the cliff erosion model, as the modern cliff base was elevated above even the highest sea-level stand over that period (Fig. 11A) . Our modeling suggests that for a major portion of the island's history (from 1.5 Ma until ca. 130 ka), the sea did not have access to the primary cliff base (Figs. 11A-11B) , and the lower reaches of rivers would have extended across a broad, low-sloping coastal plain, where little relief could have been generated at the river mouths via wave erosion. The end of this long hiatus in cliff erosion coincides with the last interglacial at ca. 130 ka, which was a particularly high stand of sea level.
Given our measured vertical incision rates, we consider the hiatus of cliff retreat from 1.5 Ma to 130 ka to be of suffi cient duration for the stream channels to have cut through any preexisting sea cliff via knickpoint propagation and vertical incision. Thus, according to the model, the last interglacial period represents the only time in the last 1.5 m.y. that waterfalls at the valley entrance could have been generated via wave erosion. The modeled hiatus in primary cliff erosion from 1.5 Ma to 130 ka, however, is sensitive to the imposed history of subsidence, which is poorly constrained. For example, the model can produce several episodes of cliff cutting during sea level highstand in the last 500 k.y. under different imposed uplift and subsidence histories.
The last interglacial period spanned ca. 130-120 ka (Hearty et al., 2007) , an ~10,000 yr period to enable cliff erosion, which, given the model-fi t sea-cliff retreat rate of 27 mm/yr, would have produced ~270 m of horizontal cliff retreat. Given the ~13% slope of the modern stream channel, 270 m of wave cutting would have produced a 30-40-m-high escarpment at the river mouth, which is similar to the modern waterfall height of 40 m. An initial waterfall height of 40 m is insuffi cient to explain the ~200 m of additional valley relief near the river mouth as compared to upstream of the modern waterfall (e.g., Fig. 5 ), however, which suggests that the downstream part of the valley was steep prior to waterfall generation ca. 120 ka. Prior to relative sea-level fall at the end of the last interglacial, sea-cliff erosion may have generated hanging streams at the coast, creating waterfalls that discharged directly into the ocean, as illustrated in Figure 10A . Some of the Na Pali coast streams east of the Mana Plain are hanging at their mouths presently (Fig. 10B) , suggesting that knickpoint generation is an active process in some locations on the Kaua'i coast where waves cut into steep, canyon-bound channels. We speculate that the base of waterfalls generated at highstands may need to be exposed as sea level falls to allow for knickpoints to retreat inland, as knickpoint retreat must outpace coastal cliff erosion for the knickpoints to propagate inland.
DISCUSSION

Knickpoint Retreat and Debris Flows
Our results suggest that the knickpoint in Ka'ula'ula Valley migrated more rapidly than was reported previously by Seidl et al. (1997) , with an average waterfall retreat rate of ~33 mm/yr. This 33 mm/yr rate is faster than many previously documented long-term (>10 6 yr scale) rates of knickpoint retreat (Berlin and Anderson, 2007; Loget and Van Den Driessche , 2009 , and references therein); however, it compares well with shorter-term (10 4 -10 6 yr) documented retreat rates, including 60 mm/yr for waterfalls in Hawai'ian basaltic rock (Lamb et al., 2007) , 10-70 mm/yr in welded ignimbrites (Hayakawa et al., 2008b) , 80-150 mm/yr in welded pyroclastic fl ows (Hayakawa et al., 2008a) , and an average of ~15 mm/yr in small drainages in coastal Scotland . Our rate is considerably less than knickpoint migration rates of up to 1 m/yr proposed by Crosby and Whipple (2006) in weak marine sedimentary rock, or rates shortly after the Last Glacial Maximum in Scotland attributed to a period of high sediment supply.
One explanation for a small coastal bedrock channel to achieve a relatively fast rate of knickpoint retreat is the nature of the bedrock and the mechanism of erosion. The basalt in Ka'ula'ula Valley is pervasively jointed by bedding planes and cooling joints, which can expedite knickpoint retreat as the jointing enables individual blocks to be plucked from the waterfall face during high fl ows (Seidl et al., 1996 Weissel and Seidl, 1998; Lamb et al., 2008; Lamb and Dietrich, 2009) . Block toppling at a waterfall face can preferentially preserve the vertical step, which has been shown experimentally by Lamb and Dietrich (2009) . Since block plucking and toppling readily occur once a threshold is passed (Lamb and Dietrich, 2009) , the ultimate rate of waterfall retreat may be set by the ability of fl ows to transport sediment away from the waterfall headwall. Despite previous modeling work in Ka'ula'ula Valley that emphasized river incision and fl uvial transport processes Chatanantavet and Parker, 2005; Ferrier et al., 2013a) , the steep channel gradient and our fi eld observations suggest that downstream of the knickpoint, debris fl ows, rather than fl uvial processes, are likely the rate-limiting step for transport of coarse sediment, and thus may control the rate of waterfall retreat. This may also explain why the knickpoint retreat rate does not appear to depend on drainage area. Debris fl ows often initiate at a single location and are advected down channel; thus, a drainage area dependency of debris-fl ow transport or erosion at the waterfall might not be expected (Stock and Dietrich, 2006) .
The channel gradient downstream of the waterfall in Ka'ula'ula Valley is steeper than upstream, and therefore the knickpoint is both a vertical-step knickpoint and a slope-break knickpoint (sensu Haviv et al., 2010) . Kirby and Whipple (2012) argued that most verticalstep knickpoints are anchored in space, and that slope-break knickpoints are the primary mechanism for landscape change. In contrast, our study shows that waterfalls can be generated from climate-induced sea-level change, propagate upstream at a rapid rate, and transmit local relief generated at the coast throughout the landscape. Moreover, the steep channel slope downstream of the waterfall in Ka'ula'ula Valley may be a secondary effect related to heightened debris production from the inner gorge and neighboring high-relief hillslopes rather than the primary driver of knickpoint propagation.
If block toppling at the waterfall, rockfall in the inner gorge, and debris-fl ow transport downstream are the dominant processes in the lower half of Ka'ula'ula Valley, then this can explain why the fi ne sediment sampled at the mouth of the canyon yields the same accumulation age as the sample taken just upstream of the waterfall lip. If these detrital olivine samples are interpreted as catchment-averaged measurements, then the lower sample should show a younger age, because it should incorporate grains from the rapidly eroding waterfall. However, it is unclear if these samples represent catchmentaveraged samples. Unlike measurements of 10 Be in more refractory minerals like quartz, for example, olivine readily weathers out of rock. Our observations indicate that hillslope soil and saprolite are largely devoid of olivine on Kaua'i, and thus olivines in sand samples were likely derived from actively eroding areas of the catchment (e.g., in channel; Ferrier et al., 2013b) . In addition, sand particles at the river mouth might be undersampling waterfall retreat if the knick zone is shedding boulders, and these boulders are slowly breaking down to sand. This seems likely if the waterfall is eroding by block toppling and plucking, and debris fl ows are transporting boulders downstream to the boulder fan.
Island Evolution
Our results suggest that channel incision via waterfall retreat may be a primary process by which volcanic islands are dissected once volcanism ceases and subsidence and submergence occur. For volcanic islands, base level is materially driven by a combination of both long-term island subsidence and eustatic fl uctuations in sea level. Given the right combination of subsidence, sea-level rise, and offshore topography, cliff erosion can be signifi cant and outpace channel incision, generating knickpoints at river mouths that subsequently propagate upstream. Given eustatic fl uctuations in sea level, knickpoint generation on subsiding volcanic islands may be cyclical. For example, the smaller knickpoint in Ka'ula'ula Valley, ~2.5 km upstream from the main waterfall (Fig. 6A) , may represent an older episode of sea-cliff cutting and knickpoint formation. If the upper knickpoint is propagating at rates similar to those we measured for the main waterfall, then this would place the upstream knickpoint at the coastal cliffs at ca. 195 ka, coincident with the end of the previous sea-level highstand (stage 7). Although knickpoint formation at ca. 195 ka is inconsistent with our clifferosion model predictions, model results are particularly sensitive to the imposed subsidence history (especially when subsidence rates are small), which is only crudely constrained over the past several hundred thousand years (Fig.  11A) . Older generations of knickpoints may have propagated through the system entirely. Further support for cycles of knickpoint generation comes from the presence of multiple knickpoints in many of the neighboring Na Pali coast streams (e.g., Seidl et al., 1994; DeYoung, 2000) . As shown by our modeling, however, knickpoint formation is not a simple function of sea level and instead depends on the evolving island topography and subsidence rates. Consequently, attempts to explain the range of knickpoints using river-profi le analysis in the Na Pali coast streams without multiple (and in cases localized) changes in base level have had limited success (DeYoung, 2000) .
Our data indicate that the average rate of knickpoint retreat (33 mm/yr) is three orders of magnitude greater than long-term rates of vertical incision and putative catchment-averaged rates (0.027 mm/yr) derived from cosmogenic 3 He exposure data. This emphasizes the role that knickpoint propagation can have in generating valley relief. The passage of the 40-m-high waterfall has generated up to 40% of the relief in the middle parts of Ka'ula'ula Valley, in 3% of the time since the volcanic topography was formed. The measured waterfall retreat rates from Ka'ula'ula Valley are so great that they likely dominate the sediment fl ux from the valley. For example, a vertical incision rate of 0.022 mm/yr applied over the entire length of the valley (10 km) results in a sediment yield per unit channel width of 0.22 m 2 /yr. Considering a waterfall retreat rate of 33 mm/yr and a waterfall height of 40 m, we fi nd a sediment yield per unit channel width for the waterfall alone of 1.2 m 2 /yr, roughly fi vefold the apparent yield from vertical incision.
Recognition that island erosion rates and local sediment yields can fl uctuate signifi cantly on 10-100 k.y. time scales has sig nifi cant implications for island sediment budgets and erosion-rate studies. For example, there is a major effort to place modern sediment fl uxes on the Hawai'ian Islands in the context of long-term rates given concerns with the sustainability of coral reef habitat (Ogston et al., 2004; Stock and Tribble, 2010) . Our study suggests that estimating long-term sediment yield over the age of the volcano by differencing reconstructed volcano surfaces from the modern topography may signifi cantly underestimate sediment yield over the last tens of thousands of years where knickpoints are active. The possibility of sealevel-driven cycles of erosion suggests that recently proposed precipitation rate-dependent erosion laws developed for million-year time scales (Ferrier et al., 2013a) may not be applicable to the shorter (10 2 -10 5 yr) time scales over which we observe knickpoints to propagate in this environment. In addition, measurements of cosmogenic exposure ages from sand samples at the mouth of catchments, a common technique for constraining catchment-averaged erosion rates (e.g., Bierman and Steig, 1996; Granger et al., 1996; Ferrier et al., 2013b) , may underrepresent the erosion contribution of propagating waterfalls if knickpoints erode by block failure rather than grain-scale abrasion, in a manner similar to catchments prone to deep-seated landsliding (e.g., Yanites et al., 2009) .
CONCLUSION
We used cosmogenic 3
He exposure dating to constrain the rate of knickpoint retreat in Ka'ula'ula Valley, Kaua'i, Hawai'i. Our 3 He measurements are consistent with knickpoint initiation at ca. 120 ka, leading to waterfall migration nearly 4 km up the valley at a constant rate of 33 mm/yr, i.e., far faster than previous estimates. The fractured nature of the basalt may facilitate both rapid knickpoint retreat rate by block plucking, and the maintenance of the vertical waterfall face. Passage of the knickpoint had a major effect on valley morphology, leaving steep cliffs, boulder-strewn terraces, and a persistently steep channel (13%), in comparison to the soil-mantled landscape upstream. Field observations and topographic analysis indicate that debris fl ows are prevalent and likely represent the dominant transport mechanism downstream of the waterfall. Sea-level and subsidence histories point to the last interglacial (ca. 130-120 ka) as the time when waves were able to cut into the steep, canyon-bound channel bed at the river mouth, leading to the initiation of a waterfall. Cliff erosion and subsequent knickpoint retreat may be important relief-generating mechanisms that drive erosion in other landscapes with stable or subsiding coasts where stream gradients exceed shore-platform slopes.
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